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AN EVALUATION OF SOLID STATE
SUPERLATTICES FOR USE
IN LABORATORY PROGRAMS

by

William .. Orvis
Jick H Yee

ABSTRACT

We have performed an evaluation of solid s:ate superlattices for use in laboratory
programs. This evaluation consisted simply of a literature search on solid state
superlattices, looking for basic theory papers and for novel devices and designs that could
be useful for laboratory programs. While the bulk of these papers are directed towards
fiber-optic communications (lasers and detectors) there was an amazing variety of proposed
devices that could do everything from measurirg the oxygen content in a hydrogen
atmosphere to infrared detectors and microwav: lenses. There are a large number of
devices that show promise for use in laboratory programs, including: adjustable frequency
infrared detectors, high-gain, low-noise electron multipliers, UV or X-ray light sources
using non-relativistic electrons, low noise photon detectors or switches, microwave
detectors/optical modulators, high frequency microwave oscillators, etc.

INTRODUCTION

A decade ago, a number of physicists bega speculating about the properties of solid-
state superlattices. The superlattices that they envisioned would consist of a number of
thin, periodic layers of two different solid state -naterials (compositional superlattice) or of
a single solid state material with thin periodic layers of two different dopings (doping
superlattice). At the time, these materials could not be fabricated, however the physicists

speculated that it would not be long before they would be.!

Since then, superlattices have been fabricat:d with molecular-beam epitaxy.
Molecular-beam epitaxy is a fabrication technique where crystalline atomic layers are put
down one at a time, at a rate of about one layer per second. With this technique, devices
have been fabricated with material layers that ar: only four atomic layers thick (about 12 A)

with interfaces between layers consisting of a single atomic plane (Fig. 1).2

In this report we have evaluated solid state superlattices for use in laboratory programs.
We have included a bibliography of selected papers and texts on the theory of superlattices
and on specific device designs that would be us:ful for laboratory programs. For the most
part, we ignored semiconductor lasers and laser detectors that were being developed for
fiber-optic communications, as the volume of those reports is enormous. We did include
some detector designs that we felt would be useful in laboratory programs. We have also
included the basic theory and classifications of t-e solid state superlattice.
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Figure 1 An electron micrograph of a solid stat: superlattice created with Molecular
Beam Epitaxy. This superlattice consists of alternz ing layers of 6 atomic planes of GaAs
(18 A) and 4 atomic planes of GaAl,As; (12 A). The interface between layers is only a
single atomic plane thick (3 A).

The most useful attribute of solid state superlat .ces is adjustability. By judicious
choice of materials, dopings, layer thicknesses and applied voltages, the band gap, optical
absorption coefficient, minority carrier lifetime, mobility, etc. may be selected. In other

words, the device designer is no longer confined tc using the fixed material properties of a
small number of semiconductor materials.

PHYSICS AND CLASSIFICATION

As mentioned above, the solid state superlattice comes in two different material
configurations: compositional and doping. There cun also be combinations of materials and
dopings. Note that there is no reason to be limited :0 two materials or dopings. Any
number of different types of layers are possible. A: the present time, we have not found
any papers dealing with more than two different lavers. The limiting factor as to what may
be used in the different layers of a compositional superlattice is that the crystal structure
must match close enough so that there will not be a significant amount of strain at the

interface boundary. Otherwise, strain induced dislccations can cause significant trapping at
the interface that will render a device useless.

In a normal semiconductor, most of a device's « haracteristics are determined by the
valence band and the conduction band. These bands are the result of broadening of the
discrete atomic energy levels when a large number >f atoms are compressed into a solid. In
a semiconductor, the valence band is generally fille 1 with electrons (at 0 K), the conduction
band is empty. The forbidden gap between these t 0 bands is about 1 eV wide. Electron



conduction can only take place in the conductic n band and hole conduction can only take
place in the valence band. The actual width of the forbidden gap and its shape in energy-
momentum space determines most of the optic:l and transport properties of a material.

BAND STRUCTURE

In a superlattice, the alternating layers of scmiconductor materials create a similar
alteration in the bandstructure. This, in effect, creates a series of potential wells for
electrons in the conduction band and for holes n the valence band. These potential wells
then quantize the allowed energy levels, creatir. g a series of energy levels within the well
rather than a continuum of levels. Structures with boundary layers that are thicker than an
electrons mean free path (> 100 A), have little interaction between the different quantum
wells and are known as quantum well structure s (Fig. 2a). If the boundary layers are
thinner than an electrons mean free path (< 100 A), then the electron wave functions in the
different quantum wells overlap, causing the th: energy levels to broaden into a set of
minibands. These are known as superlattice structures. Note that the minibands penetrate

through the barrier layers (Fig. 2b) and that the ffective masses of the carriers will
decrease significantly.

a Conduction Band
-~
>Loca1ized Energy Levels
Valence Band
b

Conduction Band

Valence Band

_ Figure 2 Two types of layered structures: a) ¢ Juantum well structure, characterized by
thick barrier layers and non-interacting quantum 'vells; b) Superlattice structure,
characterized by thin barrier layers and interactin: quantum wells.



TYPES

Superlattice structures are broken down into three different types, depending on the

relationship of the energy levels in the alternating materials3. Type I superlattices have
alternating materials with different band gaps. The edges of the valence and conduction
bands of the small band gap material are greater than and less than respectively, the edges
of the valence and conduction bands of the wide bandgap material (Fig. 3a). This type is
characteristic of undoped GaAs-GaAlAs superlattices. Type I' superlattices have the
conduction and valence band edges of one material greater than the conduction and valence
bands respectively, of the second material (Fig. 3b). This type of structure is also
characteristic of modulation doped superlattices where the doping alternates between p-type
and n-type. Type II superlattices have the conduction band edge of one material below the
edge of the valence band of the second material (Fig. 3c). This creates a short between the
conduction and valence bands at the material int:rfaces.

Type I'

Figure 3 the three different types of superli.ttice bandstructure. a) Type I; b) Type I';
c) Type Il

CONDUCTION QF CARRIERS

Conduction of charge carriers (electrons ar 1 holes) in a normal semiconductor proceeds
as in figure 4a. For example, an electorns is m.>ved horizontally in the conduction band by
the applied field until it emits a phonon, dropping it back down to the bottom of the
conduction band. This motion continues acro;s the device.



In a solid state superlattice,there are sever:l different modes of conduction. Atlow
voltages, electrons move along the minibands 'miniband conduction) in the same manner as
a normal semiconductor. As the applied voltage increases, the tilt in the miniband
increases. Since the mini-bands are much thinner than the normal conduction band, tilting
the mini-band significantly reduces its horizontal width. When this width becomes less
than an electron’s mean free path, the electron will oscillate (Bloch oscillations) between the
upper and lower edge of the miniband until it can emit a phonon (Fig. 4b,c). Thus, the
average drift velocity of an electron decreases with increasing applied electric field (Fig. 5),

giving the I-V curve a negative resistance regionl.

CONDUCTION BAND

CONDUC TION MINIBAND

T & e PHONON EMISSION

Figure 4 Mini-band conduction (a) and Blc :h oscillations (b,c).

As the applied field increases, the electrons hecome more and more localized, until
mini-band to mini-band tunneling becomes pos:iible. Mini-band to mini-band tunneling is
possible when the barrier width is thin, and the lowest conduction mini-band aligns with a
higher energy mini-band. Due to inhomogeneitizs, mini-band to mini-band tunneling will
be localized in the superlattice. That is, part of the lattice will undergo mini-band
conduction and part will undergo mini-band to “1ini-band tunneling (Fig. 6b,c). As the
applied field is increased, more and more of the ayers will switch to mini-band to mini-
band tunneling, resulting in a number of peaks i1 the I-V curve. The locations of the peaks
in figure 6 are more evident by looking at the de ivative of the curve.
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Figure 5 Experimental verification of the negati e resistance in the mini-band conduction3.
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Figure 6 Current-voltage and Conductance. voltage characteristics of a superlattice at 77
K. Mini-band conduction (a) and mini-band to nini-band conduction (b and ¢) are
indicated3.



High field conduction can also take place b’ mini-band to continuum tunneling and by
phonon assisted hopping. Mini-band to contin .um tunneling can take place when the
applied field is so large that the lowest conduc ion mini-band alligns with the continuum
energy levels above the top of the neighboring quantum well (Fig. 7a). Phonon assisted
hopping consists of an electron absorbing a phonon that lifts it into the continuum, band
conduction of the electron in the continuum and then emission of a phonon by the electron

to drop it down into the next quantum well (Fip 7b). Thus, the electron "hops" over the
potential barrier.
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Figure 7 Mini-band to contunuoum tunnelin.. (a) and phonon assisted hopping (b).
OPTICAL PROPERTIES

Optical transitions occur in a superlattice muc!i in the same way as in a conventional
semiconductor. An electron is lifted from the vale 1ce band across the forbidden gap into the
conduction band. However, there are some modi ‘ications. First, the transition is now from
the highest mini-band in the valence band to the l:west mini-band in the conduction band.
Second, there can also be transitions from mini-biind to mini-band in the conduction band.
Since the locations of the mini-bands are determircd by the layer composition and
thickness, the effective width of the forbiddden gitp becomes adjustable. Thus, the
absorption edge (the lowest energy photon that cai. be absorbed) is now adjustable.

DEVICES USEFUL TO T} E LABORATORY

The number of different devices that can be fabricated with a superlattice structure is
quite large, with new applications being added eve 'y day. There are a large number of
applications for semiconductor lasers for optical cc nmunications that will not be covered
here. We will discuss optical and radiation detecto s, high energy light sources, electron
multipliers and microwave focusing and detection.



ELECTRON MULTIPLIER

A solid state electron multiplier# can be fabricated with a GaAs-GaAl,As,_x graded gap
superlattice. Figure 8 shows the grading of the composition of the GaAl,As;_, barrier
layer from pure GaAs to GaAl,As;_, with a sharp transition back to GaAs. The

conduction band discontinuity is 0.48 eV and the valence band discontinuity is 0.08 eV.
When an electric field is applied to this structure, © will look like that in figure 7b. An
electron traversing this structure will traverse the graded barrier region with relatively

constant energy, and then gain energy when it drons over the edge (the sharp transition
back to GaAs).

—— /OEC

Figure 8 Configuration (a) and operation (h) of a superlattice electron multiplier.

If the device is biased such that the electrot's energy is just below the avalanche
energy, then the small amount of energy gained as it drops off of the edge of the
conduction band will be enough to cause avalanche generation just beyond the edge. The
electrons will then traverse a new graded barrier region, drop off the edge and cause more
avalanche generation. This effect is similar to the operation of a tube type electron
multiplier, where the electrons move from plats to plate. Since the valence band

discontinuity is much smaller than the conduction band discontinuity, there will be little
hole avalanching.

An extremely low noise electron multiplie results from this confuguration because
electrons avalanche at discrete points and holes avalanche very little . Note that it would

operate at low voltages (i.€. 5 V) rather than t~e hundreds of volts required for a
conventional electron multiplier.



CHANNELING DIODE

A channeling diode photon detector? is fatiricated as shown in figure 9a. Using two
different semiconductor materials, doped n-ty:c and p-type, a superlattice is built up. Then

n* and p* contact regions are put on the ends «nd a field is applied. Conduction in this
device is in the plane of the superlattice rather than perpendicular to it. Figure 9b shows the
bandstructure of the superlattice part of this device. Note that it is a type I' superlattice.
Electrons generated in the n-type material will move down into the p-type valley in the
conduction band while holes will move up intc the n-type peak in the valence band. Thus,
electrons and holes are physically separated in this device making for a long lifetime.

Figure 9 Channeling diode design (a) and tiand structure (b).

Doping the n-type region more strongly thau the p-type region will create a situation
where the p-type region has a large electron der.sity (sliding down from the n-type region)
and a high mobility (due to the low doping dens: ty). The n-type region will be just the
opposite, with a low hole density and a low mo -ility. This results in a high conductivity p-
type region for electrons and a low conductivity n-type region for holes.

The materials were chosen for the device so hat the p-type region has a smaller band
gap than the n-type region. Thus, the electron a, alanche generation coefficient (¢) in the p-
type region will be larger than the hole avalanch: generation coefficient () in the n-type

region. Thus, the o/ ratio will be increased, de :reasing the noise of the detector
compared with a bulk avalanche diode detector.



Compared to a standard bulk avalanche detecior, this device will have longer lifetime,

higher electron conductivity and enhanced o/f r:.io. Performance wise, it will have much
less noise and higher gain.

NARROW DETE

By coupling a quantum well to a superlattice. a narrow band infrared detector can be

createdS. Photons are absorbed in the quantum vvell and excite electrons from the ground
state to the first excited state. The quantum well is designed so that it will have a sharply

defined ground state, and so that the first excitec state falls in the lowest conduction mini-
band of the adjacent superlattice (Fig. 10).

Figure 10 A narrow band infrared detector

By changing the quantum well dimensions, you can change the energy difference
between the ground state and the first excited siate of the quantum well, making the center
frequency for the absorber an adjustable quantity. Changing the width of the barrier layers
in the superlattice will change the width of the lowest energy mini-band. The width of this
mini-band determines the width of the absorption peak (detector bandwidth) making this

also an adjustable quantity. Figure 11 shows ‘ome calculated absorption curves for this
configuration.

- M R

An x-ray monochromator has been fabricited® using alternating layers of tungsten (7 A)

and carbon (14.3 A). The device operates by asing Bragg diffraction of the x-rays at the
superlattice planes.

v -R IGHT

A hard ultraviolet or soft x-ray light sourc 2 can be made with a superlattice by passing
an electron beam down its length?. The sour.e of the light is transition radiation as the
electrons pass from one material to another. 'ight sources of this type have been made
here at the lab using thin metal foils however, relativistic electrons are needed to generate
the light. Because a superlattice can be madt: so much smaller than a stack of metal foils, a
relativistic electron beam is no longer needec Relativistic electrons are generated using
accelarators that can take up the space of a s1iall building or more, while a nonrelativistic
electron beam can be generated with a benct top power supply. This is a considerable

10



savings in material and space. Coherent light cz 1 also be generated with this structure, but
that requires sub-picosecond pulses of electrons
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Figure 11 Calculated response of a narrow and infrared detector.
AL MODULATOR /M1 WA S ECTOR

An optical modulator can be made with a su; erlattice. The bandgap of a superlattice
can be changed with an applied electric field. Siiice the optical absorption coefficient of a
device is controlled by the bandgap, this electric 7ield can be used to modulate an optical
beam. If a microwave is used as the driving fiel:l, then the device will function as a
microwave detector.

CONCLU! TIONS

In this paper, we have described the basics ¢ solid state superlattice design and
operation, and have determined several applicat:ons that would be of benefit to the
laboratory. The solid state superlattice is a uniq.e material for fabricating solid state
devices. This uniqueness stems from capability ‘0 design a material with specific
semiconductor properties rather than being stucl: with the properties of a particular material.
This adjustability is obtained with the composit:»n, doping and layer thickness of the solid
state superlattice. Fabrication is currently possi ‘le to a high degree of precision with
molecular beam epitaxy, a technology that we a: ' currently acquiring. Devices that would
be useful to the laboratory programs consist pri:arily of photon detectors (optical, IR,
microwave, x-ray, etc.), light sources and optic. 1 switches. However, more and more
applications are appearing in the literature daily which might also prove useful.

-k



REFERE! CES

1 G. H. Dohler, "Solid-State Superlattices,” Sci ntific American, Vol 24, No. 5, pp. 144-
151, Nov., (1983)

2 P. M. Petroff and A. C. Gossard of Bell Labo:atories described in 1.

3 1. Esaki, "History and Perspectives of Semicc 1ductor Superlattices," Synthetic
Modulated Structures, L. L. Chang ed. Academic Press, Orlando, FL, (1985), p.
20

4 Capasso, F., "New Multilayer and Graded G:ip Optoelectronic and High Speed Devices
By Band Gap Engineering,” Surface Sc.ence 142, (1984) pp. 513,528

5 Coon, D. D, R. P. G. Karunasiri, "New Mo.le of IR Detection Using Quantum Wells,"
App. Phys. Lett. 45 (6), 15 Sept 84, pn. 649,651

6 Jaeger, R. P., P. Pianetta, "X-Ray Resist Ch:racterization with Monochromatic
Synchrotron Radiation,"” SPIE Vol. 471 Electron beam, X-Ray, and Ion-Beam
Techniques for Submicron Lithograph »s Il , (1984) pp. 121,126

7 Kaplan, A. E,, S. Datta, "Extreme-Ultraviol¢t and X-Ray Emission and Amplification
by nonrelativistic Electron Beams Tras :rsing a Superlattice,” Appl. Phys. Lett. 44
(7), 1 April 84, pp. 661,663

12



BIBLIOG *APHY

Abeles, B., T. Tiedje,” Amorphous Semicondt :tor Superlattices,” Phys. Rev. Lett. 51
(21), 21 Nov. 83, pp. 2003,2006

Ando, T., S. Mori, "Electronic Properties of a :-emiconductor Superlattice. I. Self-
Consistant Calculation of Subband Stru::ture and Optical Spectra,” J. Phys. Soc.
Jpn. 47 (5) Nov. 79, pp. 1518,1527

Ando, T., S. Mori-, "Effective Mass Theory of 3emiconductor Heterojunctions and
Superlattices,” Surface Science 113 (1 82), pp. 124,130

Austin, E. J., M. Jaros, "Electronic Structure of an Isolated GaAs-GaAlAs Quantum Well
in a strong Electric Field,” Phys. Rev. i 31 (8). 15 April 85, pp. 5569,5572

Austin, E. J., M. Jaros, "Electric Field Induced shifts and Lifetimes in GaAs-GaAlAs
Quantum Wells," Appl. Phys. Lett. 47 (3), 1 Aug. 85, pp. 274,276

Bastard, G., "Hydrogenic Impurity States in a (:1antum Well: A Simple Model," Phys.
Rev. B 24 (6), 15 Oct. 81, pp. 4714,47 2

Bastard, G., E. E. Mendez, L. L. Chang, L. Es: <i, "Exciton Binding Energy in Quantum
Wells," Phys. Rev. B 26 (4), 15 Aug. "2, pp. 1974,1979

Bastard, G., E. E. Mendez, L. L. Chang, L. Es: «i, "Far Infrared Impurity Absorption in a
Quantum well," Solid State Comm. 45 '4), pp. 367,369, (1983)

Bastard, G., E. E. Mendez, L. L. Chang, L.. Esz «, "Variational Calculations on a

Quantum Weli in an Electric Field," P* :s. Rev. B 28 (6). 15 Sept. 83, pp.
3241,3245

Capasso, F., "New Ultra-Low-Noise Avalanche Photodiode with Separated Electrons and
Hole Avalanche Regions," Electron. Le *ers. 18, pp. 12,13, (1982)

Capasso, F., R. A. Logan, W. T. Tsang, "Integi.ited pn Junction Device with Novel

Capacitance/Voltage Characteristic, Ultr ‘low Capacitance and Low Punch-Through
Voltage," Electron. Letters. 18, pp. 760 761, (1982)

Capasso, F., "The Channeling Avalanche Photo iode: A Novel Ultra-Low-Noise
Integrated p-n Junction Detector," IEEF. Trans Elect. Dev. ED-29, #9, p.
1388,1395, Sept. 82

Capasso, F. R. A. Logan, T. W. Tsang, J. R. H.yes, "Channeling Photodiode: A New

Versitile Interdigitated p-n Junction Phciodetector," App. Phys. Lett. 41 (10), 15
Nov. 82, pp. 944,946

Capasso, F., "Avalanche Photodiodes with Enh¢ 1ced lonization Ratio: Towards a

SolidState Photomultiplier,” IEEE Tran . Nucl Sci. NS-30 (1), Feb. 83 pp.
424,428

Capasso, F., "New Multilayer and Graded Gap ( ptoelectronic and High Speed Devices By
Band Gap Engineering,” Surface Scienc. 142, (1984) pp 513,528

13



Capasso, F., K. Mohammed, A. Y. Cho, R. Hu' 1, A. L. Hutchinson, "Effective mass
Filtering: Giant quantum Amplification ¢f the Photocurrent in a Semiconductor
Superlattice,” App. Phys. Lett. 47 (4), |S Aug. 85 pp. 420,422

Chemla, D. S, "Quantum Wells for Photonics, Physics Today, May 85, pp. 57,64

Chin, R,, N. Holonyak, Jun., G. E. Stillman, J Y. Tang, K. Hess, "Impact Ionization in
Multilayered Heterojunction Structures, Electronics Letters 16, p. 467, (1980)

Chang, L. L., B. C. Giessen, Synthetic Modula:ed Structures, Academic Press, Orlando,
Fla., ISBN 0-12-170470-X, (1985)

Cole, T, J. P. Kotthaus, T. N. Theis, P. J. Stil::s, "High Frequency Conductivity of

Two-Dimensional Electrons in a Superl:ttice,” Surface Science 73 (1978) pp.
238,2239

Coon, D. D, R. P. G. Karunasiri, "New Mode >f IR Detection Using Quantum Wells."
App. Phys. Lett. 45 (6), 15 Sept 84, pn. 649,651

Coon, D. D, R. P. G. Karunasiri, L. Z. Liu, "}"larrow Band Infared Detection in
Multiquantum Well Structures,” Appl. Phys. Lett. 47 (3), 1 Aug. 85, pp. 289,291

Dingle, R., H. L. Stormer, A. C. Gossard, W. 'Viegmann, "Electron Mobilities in

Modulation-Doped Semiconductor Het: rojunction Superlattices,” App. Phys. Lezt.
33 (7), 1 Oct 78, pp. 665,667

Dohler, G. H., "Electrical and Optical Propertics of Crystals with "nipn-Superstructure”,”
Phys. Stat. Sol. (b) 52, (1972) pp. 537,545

Dohler, G. H., "Electron States in Crystals wi 1 "nipi-superstructure”," Phys. Stat. Sol.
(b) 52, (1972) pp. 79,92

Dohler, G. H., R. Tsu, L. Esaki, "A New Mechanism for Negative Differential
Conductivity in Superlattices,” Solid ! tate Comm. 17, pp. 317,320, (1975)

Dohler, G. H., "Ultrathin Doping Layers as a 1odel for 2D Systems," Surface Science 73
, (1978) pp. 97,105

Dohler, G. H., "Solid-State Superlattices,” Sc entific American, Nov. 83, Vol. 249, No.
5, pp. 144,151

Dohler, G. H., "n-i-p-i Doping Superlattices-1 aylored Semiconductors with Tunable
Electronic Properties,” Festkérperproi leme XXI1I | Advances in Solid State
Physics , (1983) ,pp. 207,226

Drummond, T. J., I J. Fritz, "Modulation-Doed (Al,Ga)As/AlAs Superlattice:Electron
Transfer into AlAs," Appl. Phys. Let. 47 (3) 1 Aug. 85, pp. 284,286

Esaki, L., R. Tsu-, "Superlattice and Negative Differential Conductivity in
Semiconductors." IBM J. of Researc and Dev.. Jan. 1970, pp. 61,65

Esaki, L., "InAs-GaSb Superlattices-Synthes zed Semiconductors and Semimetals,"
Journal of Crystal Growth 52 (1981 ,pp. 227.240

14



Fonash, S.J., Z. Li, M. J. O'Leary, "An Extreme¢ y Sensitive Heterostructure for Parts per

Million Detection of Hydrogen in Oxyge," J. Appl. Phys. 58 (11), 1 Dec. 85, pp.
4415,4419

Fritzsche, H., "Noncrystalline Semiconductors.' Physics Todav. Oct. 84, pp. 34,41

Greene, R. L., K. K. Bajaj, "Binding Energies oi Wannier Excitons in GaAs-GaAlAs
Quantum Well Structures,” Solid State ( »rmm. 45 (9), pp. 831,835, (1983)

Greene, R. L., K. K. Bajaj, "Energy Levels of H 'drogenic Impurity States in GaAs-
GaAlAs Quantum Well Structures,” Soli! State Comm. 45 (9), pp. 825,829
(1983)

Gwynne, P., "Ballistic Transistors Could Force ¢ hange :n Computer Archetecture,”
Research & Development , May 85, p <

Hassan, H.H., H. N. Spector, "Optical Absorpticn in Semiconducting Quantum Well
Structures: Indirect Interband Transitio s," Phys. Rev. B 33 (8), pp. 5456,5460,
15 April 1986

Hess, K., "Impurity and Phonon Scattering in 1. yered Structures," Appl. Phys. Lert. 35
(7), pp. 484,486, 1 oct 79

Jaeger, R. P., P. Pianetta, "X-Ray Resist Characizrization with Monochromatic
Synchrotron Radiation,” SPIE Vol. 471 . lectron beam, X-Ray, and Ion-Beam
Techniques for Submicron Lithographie [1l . (1984) pp. 121,126

Kakalios, J., H. Fritzsche, N. Ibaraki, S. R. Ov-hinsky, Properties of Amorphous

Semiconducting Multilayer Films," J. o, Non-Crvstalline Solids 66, pp. 339,344,
(1984)

Kaplan, A. E., S. Datta, "Extreme-Ultraviolet ar 1 X-Ray Emission and Amplification by
nonrelativistic Electron Beams Traversir 2 a Superlattice,” Appl. Phys. Lett. 44
(7), 1 April 84, pp. 661,663

Mailhiot, C., Y. Chang, T. C. McGill, "Energy ' pectra of Donors in GaAs-GaAlAs
Quantum Well Structures in the Effectiv -Mass Appriximation,” Phys. Rev. B 26
(8), 15 Oct. 82, pp. 4449,4457

McFadden, C., A. P. Long, H. W. Myron, M. Pepper, D. Andrews, G. J. Davies,

"Frequency-enhanced Fractional Quantis ition in GaAs-GaAlAs Heterojunctions,”
J. Phys C. Solid State Pyvs. 17 (1984 439-1444

Mendez, E. E., G. Bastard, L. L. Chang, L. Es ki, H. Morkoc, R. fischer, "Effect of an
Electric Field on the Luminescence of C (As Quantum Wells,” Phys. Rev. B 26
(12), 15 Dec. 82, pp. 7101,7104

Mendez, E. E., W. 1. Wang, B. Ricco, L. Esaki "Kesonant Tunneling of Holes in AsAs-
GaAs-AlAs heterostructures,” Appl. PF is. Lett. 47 (4), 15 Aug 85, pp. 415,417

Miller,D. A. B., D. 5. Chemla, T C. Damen. \. C Gossard, W. Wiegmann, T. H.
Wood, C. A. Burrus, "Band-Edge Elect: »absorption in Quantum Well Structures:

The Quantum-Confined Stark Effect.” hys. Rev. Lert. 53 (22), 26 Nov. 84, pp.
2173,2176



Miller,D. A. B., D. S. Chemla, T. C. Damen, .'. C. Gossard, W. Wiegmann, T. H.
Wood, C. A. Burrus, "Electric Field Dep:ndence of Optical Absorption Near the

Band Gap of Quantum-Well Structures, Phys Rev. B 32 (2), 15 July 85, pp.
1043,1060

Mori, S., T. Ando, "Electronic Properties of a St miconductor superlattice II. Low

Temperature Mobility Perpendicular to t-e Superlattice,” J. Phys. Soc. of Japn. 48
(3), Mar. 80, pp. 865,873

Mukherji, D., B. R. Nag, "Band Structure of Se niconductor Superlattices,” Phys. Rev. B
12 (10), 15 Nov 75, pp. 4338,4345

Narayanamurti, V., "Crystalline Semiconductor Heterostructuress," Physics Today, Oct.
84, pp. 24,32

Norris, G. B., D. C. Look, W. Kopp, J. Klem, 1. Morkog, "Theoretical and
Experimental Capacitance-voltage behav ior of AlGaAs/GaAs modulation-doped
Heterojunctions: Relation of conduction Band discontunity to donor energy,” App!.
Phys. Lett. 47 (4), 15 Aug. 85, pp. 42,425

Ogino, T., Y. Mizushima, "Long-Range Interaciion in Multi-Layered Amorphous Film
Structure,” Japn. J. of Appl. Phys. 22 11) Nov 83, pp. 1647,1651

Petroff, P. M., A. C. Gossard, R. A. Logan, W Wiegmann, "Toward Quantum Well

Wires: Fabrication and Optical Propertizs," Appl. Phys. Lett. 41 (7), 1 Oct. 82, pp.
635,638

Pinczuk, A., J. Shah, R. C. Miller, A. C. Goss.ird, W. Wiegmann, "Optical Processes of
2D Electron Plasma in GaAs-(AlGaa)A: Heterostructures," Solid State
Communications, Vol. 50, No. 8, pp. 35,739, 1984

Price, P. J., "Two-Dimensional Electron Trans yort in Semiconductor Layers. 1. Phonon
Scattering,” Annals of Physics, 133, p .. 217,239, (1981)

Sakaki, H. L. L. Chang, G. A. Sai-Halasz, C. A. Chang, L. Esaki, "Two-Dimensional

Electronic Structure in InAs-GaSb Sug :rlattices,” Solid State Comm. 26 , pp.
589,592, (1978)

Sakaki, H., "Evolution of New Device Concepis in Quantum-Well and Superlattice

Structures,”" Extended Abstracts of the 'Sth Conference on Solid-State Devices and
Materials, Tokyo, 1983, pp.3,6

Sakaki, H., M. Tsuchiya, J. Yoshino, "Energy Levels and Electorn Wave Functions in
Semiconductor Quantum Wells having Supwrlattice Alloylike Material (0.9 nm

GaAs/0.9 nm AlGaAs) as Barrier Lay:rs," Appl. Phys. Lett. 47 (3), 1 Aug. 85,
pp. 295,297

Satpathy, S., M. Altarelli, "Model Calculation vf the Optical Properties of Semiconductor
Quantum Wells," Phys. Rev. B 23 (6, 15 Mar. 81, pp. 2977,2982

Schubert, E. F., Y. Horikoshi, K. Ploog, "Rac ative Electron-Hole Recombination in a
New Sawtooth Semiconductor Superl: tice Grown by Molecular-Beam Epitaxy,"
Phys. Rev. B 32 (2), 15 July 85, pp. 085,1089



Shank, C. V., R. L. Fork, B. 1. Greene, C. W :isbuch, A. C. Gossard, "Picosecond

Dynamics of Highly Excited Multiquar 'um Well Structures," Surface Science 113 ,
(1982) pp. 108,111

Singh, J., " A New Method for Solving the Gro. nd-State Probblem in Arbitrary Quantum
Wells: Application to electron-Hole Quiisi-Bound Levels in Quantum Wells Under
High Electric Field," Appl. Phys. Lets. 18 (6), 10 Feb. 86, pp. 434,436

Spector, H. N., "Free-carrier Absorption on Qu wsi-two-dimensional Semiconducting
Structures," Phys. Rev. B 28 (2), pp. * 71,976. 15 July 33

Tanaka, S., M. Kuno, A. Yamamoto, H. Koba ashi, M. Mizuta, H. Kukimoto, H. Saito,
"Picosecond Dynamics of Electron-Hole Plasma in GaAs/AlAs Multiple Quantum
Well Structure." Jpn. J of Applied Phv ics 23 (6) June 84, pp. L427,1429

Tanoue, T., H. Sakaki, "A New Method to Cont. ol Impact Ionization Rate Ratio by Spatial
Separation of Avalanching Carriers in M 1iltilayered Heterostructures," Appl. Phys.
Lett. 41 (1) pp. 67,70, 1 July 82

Tetervov, A. P., "Self-Focusing and Self-modul.ition of Electromagnetic Waves in
Semiconductor with Superlattice,” Trans ated from Izvestiya Vysshikh Uchebnykh

Zavedenii Radiofizika, Vol 25, No. 11, 3p 1231.12339, Nov. 1982, Plenum
1983

Tsu, R., G. Déhler, "Hopping Conduction in a Superlattice” " Phys. Rev. B 12 (2), 15
July 75, pp. 680,686

Walukiewicz, W., H. E. Ruda, J. Lagowski, H. . Gatos. "Electron Mobility in
Modulation-Doped Heterostructures,” £ ys. Rev B 30 (8) 15 Oct 84, pp.
4571,45822

Wood, T. H., C. A. Burrus, D. A. B. Miller, D. 5. Chemla, T C. Damen, A. C.

Gossard, W. Wiegmann, "High-Speed Of ical Modulation with GaAs/GaAlAs
Quantum Wells in a p-i-n Diode Structur ," App{. Phys. Lett. 44 (1), 1 Jan 84, pp.
16,18

Zeller, C., G. Abstreiter, K. Ploog, "The Influenc . of Temperature and Incident Light
Intensity on Single Particle and Collective Ixcitations in Multilayer Structures,"
Surface Science 113 (1982) pp. 85,88

17






